ABSTRACT The phospholipid protons of native and reconstituted sarcoplasmic reticulum (SR) membrane vesicles yield well-resolved nuclear magnetic resonance (NMR) spectra. Resonance area measurements, guided by the line shape theory of Bloom and co-workers, imply that we are observing a large fraction of the lipid intensity and that the protein does not appear to reduce the percent of the signal that is well resolved. We have measured the spin-lattice (T,) and spin-spin (T2) relaxation rates of the choline, methylene, and terminal methyl protons at 360 MHz and the spin-lattice relaxation rate in the rotating frame (T1,) at 100 MHz. Both the T, and T2 relaxation rates are single exponential processes for all of the resonances if the residual water proton signal is thoroughly eliminated by selective saturation. The T. and T2 relaxation rates increase as the protein concentration increases, and T, rates decrease with increasing temperature. This implies that the protein is reducing both high frequency (e.g., trans-gauche methylene isomerizations) and low frequency (e.g., large amplitude, chain wagging) lipid motions, from the center of the bilayer to the surface. It is possible that spin diffusion contributes to the effect of protein on lipid T,'s although some of the protein-induced T, change is due to motional effects. The T2 relaxation times are observed to be near 1 ms for the membranes with highest protein concentration and -10 ms for the lipids devoid of protein. This result, combined with the observation that the T2 rates are monophasic, suggests that at least two lipid environments exist in the presence of protein, and that the lipids are exchanging between these environments at a rate > 1/T2 or 103 s-1. The choline resonance yields single exponential T1p relaxation in the presence and absence of protein, whereas the other resonances measured exhibit biexponential relaxation. Protein significantly increases the single T1p relaxation rate of the choline peak while primarily increasing the TI, relaxation rate of the more slowly relaxing component of the methylene and methyl resonances.
INTRODUCTION
The sarcoplasmic reticulum (SR) membrane is well suited for the study of protein-lipid interactions. It is a highly specialized membrane consisting mainly (> 90%) of one transmembrane protein, the calcium pump protein (Ca pump) (Fleischer et al., 1979a) . Membranes that are fully functional and of defined composition may be reconstituted (Meissner and Fleischer, 1974; Wang et al., 1979; Hymel and Fleischer, 1980) . Thus, the protein:lipid ratios can be varied in these reconstituted membranes to study the effects of the protein on the motion of the native or synthetic lipids.
We have used proton NMR relaxation to examine the influence of the Ca pump protein on the motions of membrane lipids. Specifically, we have measured the spin-lattice (T.), spin-spin (T2) and spin-lattice in the rotating frame (T1p) relaxation rates of the lipid molecules in the presence and absence of protein. The T. relaxation parameter is sensitive to high frequency lipid motions such as trans-gauche methylene isomerizations, whereas the T2 time is sensitive to low frequency (e.g., large amplitude chain wagging) lipid motions. TIp can provide information about lipid motions whose correlation times are between those monitored by T. and T2-Increasing protein concentration decreases the lipid T1. The protein may act as a spin polarization sink which contributes to the protein-dependent decrease in the lipid T. apart from effects on lipid motion. However, similar effects of protein on lipid T. have been observed using natural abundance '3C NMR, implying that spin diffusion between protein and lipid is not a dominant path for lipid-proton relaxation. The ability to resolve lipid resonances in the headgroup region (the choline methyl protons), those from along the hydrocarbon chain (e.g., the methylene and vinyl protons), and the terminal methyl groups, has allowed us to study the effects of a membrane protein on lipid motions from the surface to the center of the membrane.
MATERIALS AND METHODS
Sarcoplasmic Reticulum (SR) was isolated as described by Meissner et al. (1973) . SR lipids were extracted with chloroform-methanol (2:1), and nonlipid materials were removed by back-extraction according to Folch et al. (1957) , as described by Rouser and Fleischer (1967) . Any neutral lipids were removed by silicic acid chromatography according to Rouser and Fleischer (1967) .
Sarcoplasmic reticulum was dissociated and reconstituted by the method of Meissner and Fleischer (1974) as modified by Hymel and Fleischer.' The amount of deoxycholate used for dissociation was adjusted to give 60-85% solubilization of protein and 80-90% solubilization of phospholipid. Insoluble fragments were removed by centrifugation. The time of dialysis was varied from 30 min to 4 h to obtain membranes with lipid content from approximately half to slightly greater than that of the original SR. The membranes were sedimented and washed to remove remaining detergent. The functional activity of the reconstituted vesicles was typical of that reported by Hymel and Fleischer,' and depended on the solubilization procedure used and the lipid to protein ratio of the resultant reconstituted membranes. The calcium pumping rate and ATPase activity were found to be stable in the experimental buffer at 250C for > 24 h. Exchange of D20 for H20 was correlated with a 30-50% decrease in the ATPase activity and the calcium pumping rate, whether the exchange was carried out by centrifugation or a gentle dialysis procedure. Sonication for > 10 min also reduced the calcium pumping activity. Sonication did not affect the T, time within experimental error (data not shown).
Native and reconstituted SR membranes were pelleted and allowed to soak for -12 h at 40C in deuterated buffer (0.01 M phosphate, 0.15 M KCI, pH 7.0), to allow 'H -2H exchange. The membrane suspensions were then pelleted (27,000 g, 60 min), and resuspended in deuterated buffer. The pelleting and resuspension was repeated five to six times. The final concentration of the samples ranged from -15-40 mg phospholipid/ml. Alternatively, the 'H 2H exchange was accomplished by dialysis of the membranes against deuterated buffer (40 ml, five to six changes) at 40C. The SR lipids were dried to a thin film by rotary evaporation, hydrated in deuterated buffer, and dispersed by gentle swirling with several glass beads. All manipulations were performed under an argon atmosphere as a precaution against lipid peroxidation.
Most of the samples for NMR were sonicated for 20 min in 2 min on, 2 min off cycles under an argon atmosphere at 40C, using a well-tuned Branson model W 140 sonifier equipped with a microtip (Branson Sonic Power Co., Danbury, CT). Some samples were sonicated for 0, 5, 10 or 20 min to assess the effect of sonication on T,.
The solvent water proton resonance was saturated during T, and T2 measurements only. This was accomplished by continuous wave homonuclear decoupling or by gating the decoupler on for short periods just before acquisition of the FID. The residual sharp rf spike in the water region was eliminated by alternate 90, and 90Y excitation of the free induction decay (FID). The FID resulting from 90. was subtracted from the FID resulting from 90y (Krishna, 1976 filtered with a 1 Hz exponential line broadening before Fourier transformation. T. relaxation rates were measured using the inversion recovery (1800, 7, 900) pulse sequence. T2 relaxation rates were measured using the Carr-Purcell-Meiboom-Gill pulse echo sequence (900,, r, 180yrT, [echo] , r, 1800y, T, [echo] The T, and T2 relaxation data was analyzed using a three-parameter, nonlinear least squares fitting routine (Sass and Ziessow, 1977) available on the Nicolet 1180 minicomputer, and by linear least squares fitting of the data plotted semilogarithmically.
Relative Intensity Measurements
Sodium dodecyl sulfate (SDS) was accurately weighed into several 5-mm NMR tubes. D20 buffer was added to give final concentrations of SDS ranging from 10-30 mM. These samples, of known concentration, were used to calibrate the NMR signal intensity of sodium 3-trimethylsilylpropionate-2,2,3,3-d4 (TSP, 5-25 mg/ml in CC14) contained in a Wilmad coaxial capillary insert (10gl, 32-mm stem length) (Wilmad Glass Co., Buena, NJ. The calibration was achieved by recording the 360 MHz 'H-NMR spectrum of one of the SDS samples in the presence of the capillary insert. The main methylene peak (18 protons) was integrated and the integral was set to the appropriate mM proton concentration. Then the TSP resonance was integrated and its value recorded. The calibrated TSP insert accurately reproduced the known proton concentration of the methylene and methyl peaks of the other SDS samples. Spectra of SR membranes and SR lipids were recorded when the samples contained the calibrated TSP insert.
The percent of the NMR resonance intensities observed in the spectra were defined in the following operational manner. The relative intensity of the choline proton resonances to the TSP insert was obtained directly from these spectra by computer integration. The intensities of the fatty acid methyl and methylene resonances were estimated using a lineshape guided by the theoretical analysis of Bloom et al. (1978) . To estimate the methylene resonance area, the spectra were folded over the peak methylene resonance frequency and a symmetrical, smooth lineshape was drawn. The lineshape smoothly excluded the methyl resonance as well as some low field asymmetry in the methylene peak due to low amplitude resonances poorly resolved from the main methylene peak. This lineshape is very similar to the ad hoc shape which Bloom et al. (1978) found adequately accounted for the methylene area of egg PC vesicles. The areas of the methylene and methyl resonances were determined by cutting out and weighing in duplicate. The percent of the signal observed in the membranes was calculated, using the membrane-bound phosphorus concentration (i.e., phospholipid) and assuming an average fatty acid chain length of 18 carbons (Morai and Kuksis, 1973) and a phosphatidyl choline content of 60% (Meissner et al., 1972 (Davis et al., 1976) . Not all of the SR lipid proton groups contribute to the high resolution spectra of the pure lipids and membranes. We have measured the percent of the total possible intensity observed using a calibrated (Brown et al., 1977) . Under these conditions, the T. relaxation rates of the SR lipids are biexponential for the protein-containing samples, and single-exponential for the pure lipids.2 The amplitude of the slow T, component was proportional to the protein concentration in the membranes. We initially interpreted this as a proteininduced perturbation of the motions of the lipids in contact with the Ca pump protein. However, when the water signal was thoroughly suppressed by selective saturation techniques (Krishna, 1976) , the membrane lipid resonances exhibited single-exponential T. relaxation behavior. The slowly relaxing T. component appears to be a water-related effect instead of a direct protein influence, and the amount of residual water proton signal observed after extensive exchange is dependent upon the protein concentration.2 A plot of the T. data obtained for the methyl, methylene, and choline resonances of pure SR lipids and recombinant SR membranes shows that the T. relaxation rates are single exponential processes in the presence of solvent water proton saturation (Fig. 2) . The slopes increase with increasing protein concentration; so that the lipid T. tration of the membranes. The effect is largest for the methyl resonance, decreasing from 0.74 s in the pure lipids to 0.21 s in the highest protein recombinant sample investigated. The T. data are summarized in Table II. T. relaxation times were also measured as a function of temperature and sonication time. Shown in Fig. 3 
is a 360
MHz 'H-NMR spectrum of unsonicated SR membranes at 25°C. Without sonication, the spectrum consists mainly . Spin diffusion cannot contribute to the '3C TI's, which suggests that the influence of the proteins observed here must largely be due to motional effects. Deuterium NMR studies of specifically labeled lipids (Seelig and Seelig, 1974; Stockton et. al., 1974) show that the choline headgroup, fatty acid methylenes near the terminus, and the terminal methyl group have a low degree of average order in model membranes. Bloom et al. (1978) have shown that proton order parameters are essentially equivalent to those determined by 2H NMR. Therefore, it seems reasonable to assume that the T. behavior of these groups can be approximated by an isotropic model. T. vs. temperature experiments of Robinson et al. (1972) and our group (Table III) indicate that the T, relaxation rates of the SR lipid protons decrease with increasing temperature in the presence and absence of protein. These data suggest that the motions which govern T. relaxation are more rapid than the observational frequency (360 MHz) and that the protein is slowing those lipid motions responsible for spin-lattice relaxation. The higher the protein content, the larger the observed decrease in T1. In lipid bilayers, high frequency motions, such as trans-gauche methylene isomerizations, are thought to be the most effective in causing T. relaxation (Lee et al., 1974) . T. is not affected by vesicle size differences. These studies imply a decrease of high frequency lipid motions by the calcium pump protein.
Unlike T., T2 is sensitive to vesicle size. The most satisfactory theory developed to date for interpreting 'H-NMR lineshapes of sonicated membrane lipids is that of Bloom et al. (1978) and Wennerstrom and Ulmius (1976 We have estimated the fraction of the lipid resonances observed using an internal standard and integration guided by the lineshape theory of Bloom et al. (1978) . We see a relatively large fraction of the lipid hydrocarbon resonances (50-60%), but a substantial fraction of the signal is unresolved. Restricted motion of the lipid chains in the membranes leads to residual dipole-dipole interactions that broaden the signal, especially near the headgroup region. Also, lipids in larger, slower-tumbling vesicles broaden lines. We find no evidence for protein immobilizing lipids; rather, we appear to see larger lipid signal in the presence of protein.
ESR studies of reconstituted SR has recently been reinvestigated (McIntyre et al., 1981 Fleischer et al., 1979b; Martinosi et al., 1975; and Wang et al., 1979) gives the intensity of the fluctuating field at the Larmor frequency of the nuclei, and the non-Lorentzian nature of the lines is related to motions at frequencies much slower than the Larmor frequency. The T1 measurements should not be affected by the non-Lorentzian nature of the line. In the case of vesicles, the motions which lead to narrowing of the line and ultimately to line shape can be divided into two classes corresponding to motions which are fast and slow compared with the vesicle tumbling time.
There is a subtlety in the theory of the line shape which caused a lot of difficulty about five years ago but which is now understood (Wennestrom and Ulmias. 1976. J. Magn. Reson. 23:431 -435; Bloom et al. 1978. Biochemistry 17:5750) . This was the effect of vesicle tumbling on the residual width of the line after taking into account the effect of the faster motions.
The difference between vesicle systems and almost every other spin system is that the fast motions in the vesicles have an axis of symmetry which projects all of the averaged dipolar or quadrupolar interactions along a simple axis, the normal to the bilayer. Thus there is one principal direction in the system, and all the interactions are projected along it by the fast motions. The complete interaction averaged over the fast motion scales with (3 cos 0-1), where 0 is the angle between the bilayer normal and the external magnetic field; every part of the NMR line which would be observed in the absence of tumbling is separately motionallynarrowed. The result is a superposition of Lorentzians, and instead of a Lorentzian line shape, one gets lines with wider wings and a narrow central portion.
This problem is now solved, and I regret that the people who have done this, including myself, have not done the further work to develop simpler analytical formulae which would facilitate utilization of the results of the rigorous theory. At present it is necessary to go through a messy numerical analysis to account for the line shape. DRATZ: We have taken an empirical approach to eliminating the influence of complex, nonLorentizan line shapes on relaxation parameters. We have measured T. at the peaks of the spectra, at the wings of the spectra, and between the lines. We have also measured T. as a function of sonication. To obtain the best spectra one must sonicate, but one can get useful spectra (see Fig. 3 ) without any sonication. T. and the effect of protein on T, appear to be unaffected by sonication. Also, the T. values obtained differ little whether measured in the center or on the sides of the lines.
For completeness we should note the potential value of T1p in measuring the influences of protein on lipid motion. Different techniques have different time windows: T2 provides a fairly slow time window for lipid systems in the range of 10-3 _10-4s, whereas T1 depends on motions in the time range of 10-9-10-' s. With TIp it is possible, at least in principle, to sweep out the frequency range between T2 and T., where presumably a lot of the action in lipid-protein interaction is happening (i.e., in the IO-7 s time range). With T1p we have the potential to see any frequency up to 1I0' Hz, by changing the strength of H1. However, there are also many possible problems with using this approach in lipid systems. I hope that Myer Bloom will comment on this point.
BLOOM: TIp is a relaxation time in the rotating reference frame; you are measuring the time a spin takes to undergo reorientation in the radiofrequency field. The virtue of this measurement is that you can vary the radio-frequency field from zero to values which correspond to frequencies of the order of 1 MHz; you can thus probe motions having correlation times down to the microsecond range. If you use vesicles or measure proteins in solution, then unfortunately there is a range of correlation times, larger than the tumbling time of the vesicle, that is inaccessible to this measurement. Whenever some motion averages the open interactions, then the energy or square of the interaction that is modulated by the motions gets put into a frequency spectrum capable of inducing spin transitions, and this can be determined from relaxation time measurements. Now the only part of the interaction you can observe is the part that has been averaged, and because the vesicle tumbling is isotropic, it averages everything. Once the tumbling has taken place, there is nothing more that can be measured by relaxation. The correlation time for vesicle tumbling is 1 -10 Ims. DRATZ: It depends on how big the vesicles are. We have made many of our measurements on unsonicated systems with average diameter of 1 gm or so; these tumble quite slowly.
BLOOM: If you use big vesicles, then you get broad lines, and you might as well go to unsonicated dispersions. If you have very small vesicles you can use a high-resolution spectrometer, but then very slow motions are inaccessible to you by relaxation spectroscopy.
T. and T2 measurements imply that the lipid-protein interaction induces motions in the acyl chains of the phospholipid molecule that have correlation times shorter than 1 ;is, -10' s (Paddy et al. 1981. Biochemistry. 20:3152 -3162 . For the reasons just stated, the effects of these motions should not be modulated by the vesicle tumbling. The contribution of these motions to the line width should be included in the term A that you have written for 1 / T2. SYKES: I want to return to the initial question by Philip Yeagle and the interpretation of spin-lattice relaxation times. You have said that the spin-lattice times are determined by fast motion, and implicated transgauche isomerization as that fast motion. But since your methylene and methyl relaxation times T, are absolutely equal, and looking at all the early polymer work by people like W. Slichter, one would wonder about the role of spin diffusion along the polyene chain. Is it possible that one is measuring the relaxation of the methyl sink and that the only parameter one is perturbing is the rotation of the methyl group, and that one doesn't really have a handle on trans-gauche isomerization? Is that reasonable? DRATZ: We have worried about this point. First, the interpretation of the effects of protein on the terminal methyl T. is not influenced by CH2 -CH3 spin exchange. The methyl and methylene T1 is rather close, although the methylene T, is usually a bit faster than the methyl. The choline and single allylic are always considerably faster than the methyl.
There is spin diffusion going on in the system, but a methyl sink is not a sufficient explanation because the methyl has the slowest T1. We DRATZ: T. measures the intensity of the fluctuations at the Larmor frequency, which in these experiments is 10-9'-10°'s, and so the protein is reducing the intensity of the fluctuations at that frequency apparently from the center of the bilayer right out to the head groups. The interpretation of the T2 measurements is that the protein speeds up the T2 as well. The vesicles don't seem to change size greatly in the presence of protein. Thus, whatever the vesicles' tumbling effects are, they are reasonably constant, although we have not adequately shown this point. We believe that the speeding up of the T2 in the presence of the protein is also caused by the restriction of slower motions, but that because the T2 is single-exponential (except for a very rapidly decaying fraction of broad methylenes), the exchange time between more hindered motions and the bulk lipid motions is fast compared to the T2 time scale, 10-4 S.
We are hoping to exploit the T1p measurements to get into the 10-_ 10-4 S time window; potentially we can do that, but for technical reasons we haven't done much more with it yet.
JOST: We find from electron micrographs from reconstituted samples that there is a variation in vesicle sizes and the average size can be dependent on the lipid:protein ratio. M. BROWN: What direct evidence is there for trans-gauche isomerization of the lipid acyl chains as the source of the spin-lattice relaxation?
DRATZ: There isn't any direct evidence. It is just a plausible mechanism. The activation energy is in the right ball park, but this is not the only possible kind of motion.
M. BROWN: Certainly the activation energies are consistent with rotational isomerization as a source of the T, relaxation, but one really has to do frequency-dependent T, relaxation measurements to gain a better handle on the molecular mechanism of the relaxation; otherwise, one is fitting an unknown correlation function to a single data point. I think it's very dangerous to ascribe a single mechanism as a source of the relaxation.
DRATZ: This is only a suggested mechanism and the detailed mechanism seems to be a rather secondary point. The basic point is that the protein is restricting lipid motions that occur at high frequencies. 
